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Capture  of CO  and  NO by  blood  requires  molecules  to travel  by  diffusion  from  alveolar  gas  to  haemoglobin
molecules  inside  RBCs  and  then  to react.  One  can  attach  to these  processes  two times,  a time  for  diffusion
and  a time  for  reaction.  This  reaction  time  is known  from  chemical  kinetics  and,  therefore,  constitutes  a
unique physical  clock.  This  paper  presents  a time-based  bottom-up  theory  that  yields  a simple  expression
for  DLCO and DLNO that  produces  quantitative  predictions  which  compare  successfully  with  experiments.
Speciﬁcally,  when  this  new  approach  is applied  to  DLCO experiments,  it can  be used  to determine  the  valueeywords:
LCO
LNO
aematocrit
apillary volume
eterogeneity
of the characteristic  diffusion  time,  and  the value  of capillary  volume  (Vc). The  new  theory  also  provides
a  simple  explanation  for  still  unexplained  correlations  such  as the  observed  proportionality  between  the
so-called  membrane  conductance  DM  and  Vc of  Roughton  and  Forster’s  interpretation.  This  new  theory
indicates  that  DLCO should  be proportional  to  the  haematocrit  as  found  in  several  experiments.
© 2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
lveolar-capillary membrane
. Introduction
Amongst the various tools used to understand human respira-
ion and its pathologic perturbations, the measurement of carbon
onoxide (CO) and nitric oxide (NO) absorption has a long his-
ory, initiated in 1915 by Marie Krogh for CO and followed in 1987
y Guénard et al. for NO. Hughes and Bates (2003) have given a
ood historical background for the development of these diagnos-
ic tools. More recently, there has been growing interest and use
f NO (Checchia et al., 2012 and references therein) as a vasodila-
or and CO (Motterlini and Otterbein, 2010 and references therein)
s a possible anti-inﬂammatory agent. Thus, an understanding of
bsorption of these gases is also important from a pharmaceutical
erspective.
Gas trapping by blood occurs in successive steps (1) dissolution,
2) diffusion through the membrane and plasma to reach the sur-
ace of red blood cells (RBCs), (3) transmission across the thin RBC
embrane, (4) diffusion within the RBC, and ﬁnally (5) trapping
y haemoglobin molecules. The scheme used to interpret these
easures has been introduced by Roughton and Forster (1957)
hereafter RF). These authors attributed two steady state regime
esistances in series, the ﬁrst for steps 1 and 2, and the second for
teps 3–5. Their interpretation remains the standard in this ﬁeld.
Recently a time-based calculation of oxygen capture has allowed
ne to understand quantitatively the complex interaction between,
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on the one hand, the oxygen convection-diffusion-permeation pro-
cesses in the breathing acinus, and on the second hand, the local
dynamics of oxygen trapping in the capillaries (Kang et al., 2015).
In this reference the method has been applied to CO and NO cap-
ture but it needed parameters that cannot be deduced directly from
experiments.
This paper presents a conceptually simple description of the
capture of CO and NO which occurs in a very different timing than
oxygen capture. The reason lies, ﬁrst, in the different reaction rates
between haemoglobin (Hb) molecules and these species (Cassoly
and Gibson, 1975; Olson et al., 2003; Chakraborty et al., 2004) and,
second, in the smaller concentrations that are used to measure DLCO
and DLNO: the fraction of the CO concentration in inspired gas is of
order 0.28% and 40 ppm for NO (Hughes and van der Lee, 2013).
Whiteley (2006) and Kang et al. (2015) have shown that oxygen
saturation occurs in about 50 to 100 ms  in agreement with exper-
imental observations by Tabuchi et al. (2013). This implies that,
during the great majority of the capillary time, blood is in equilib-
rium with oxygen at constant saturation for normal respiration. This
fact simpliﬁes the understanding of CO or NO capture.
But, even in a single breath measurement, these capture phe-
nomena are very complex because they depend on several factors
that cannot be measured such as, for instance, the varying mor-
phology of RBCs during their capillary paths. In order to obtain a
simple picture, one has to reduce the problem to its basic ingredi-
ents. In Fig. 1, as schematised by West (2008), the complexity of
the physical problem is reduced to the coupled role of a “diffusion
time” and a “reaction time”. For a molecule to be absorbed, it has to
diffuse to reach haemoglobin molecules, and then it has to react. So
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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List of symbols
C Concentration
Cg Concentration in gas
DCO; DNO Diffusion coefﬁcients of CO and NO in plasma
DLCO; DLNO Lung diffusing capacity for CO and NO
F Fraction of normal (heathy) region in the lung
Hb Haemoglobin molecule
Hct Haematocrit
h Additional thickness of the alveolar-capillary mem-
brane
l’ Forward velocity of reaction between CO and Hb4O6
k’4; k4 Forward and backward velocity of reaction between
O2 and Hb4O6
kCO; kNO Rate constants for CO and NO uptake
kn; kd Rate constants for normal and diseased region in the
lung
NRBC Number of RBC in the lung
PO2 Oxygen partial pressure
RBC Red blood cell
RF Roughton and Forster interpretation
r RBC radius
SO2 Oxygen saturation fraction of Hb molecules
TD Time-dependent (or time-based) interpretation
t50 Duration to reach 50% of the concentration
dV Volume of a small volume element in RBC
VA Alveolar volume
Vc Pulmonary capillary volume
VO2 Amount of the O2 uptake in the lung
VRBC Volume of a red blood cell
˛O2; ˛CO; ˛NO Liquid to gas partition ratio for O2, CO and NO
ı Characteristic diffusion time from alveolar space to
Hb molecules
ıEq,CO; ıEq,NO Equivalent averages of ı for CO and NO
LCO; LNO Lung diffusing capacity of CO and NO in the TD
approach
 Molecular ﬂux per unit time
 Equivalent diffusion barrier thickness
 Speciﬁc transfer conductance of blood for gas
CO; NO Characteristic time for CO and NO trapping by Hb
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Fig. 1. Schematic representation of the time-dependent (TD) capture process. Top:
the gas concentration Cg drops through extremely rapid dissolution to Cg on the
internal face of the alveolar-capillary interface ( is the gas to liquid partition ratio).
Then the molecules starting anywhere on this internal interface perform individual
Brownian diffusion through the membrane and plasma and into the RBC cytoplasm
to  reach the Hb molecules and ﬁnally react. This is represented by the blue and
green random trajectories. Bottom: the global ﬂux from the gas to a small volume
element inside the red blood cell takes a time ıi that depends on its location inside
the  RBC. This takes, on average, a time ıEq of order of 1 ms.  Inside RBC the molecules
react with Hb molecules in a time  which is also of order 1 ms.  The difﬁculty of
the problem lies in the fact that one has to cope with three phenomena that have
comparable characteristic times: diffusion to the RBC, diffusion inside the RBC and
reactive ﬂux in the element dVi can then be written asmolecules
he time for capture of a species is the sum of a diffusion time ı and
f a reaction time . This time-dependent (hereafter TD) scheme
ontains the reaction time  between CO and haemoglobin, a time
hat constitutes a universal clock depending only on the chemical
inetics.
The capture process is illustrated in Fig. 1. A few diffusion paths
rising from the internal face of the alveolar-capillary interface are
chematised in the top. It is a general property of diffusion that the
robability for a particle to start from a given location at some time t
o reach another position at time t′ is not a number but a function of
ime and distance called the diffusion propagator. However, if one
onsiders a small volume element dVi inside a RBC being small,
t can be considered as equi-concentration. Then, the steady state
iffusing ﬂux from the gas to dVi is well-deﬁned though it cannot be
omputed simply due to the complex shapes of both the alveolar-
apillary membrane and the RBCs. The ﬂux d˚i from the alveolar
as to a small volume element dVi at a location i in the RBC can
lways be written,i =
dVi
ıi
(˛Cg − Ci) (1)reaction with Hb. (For interpretation of the references to color in the text, the reader
is  referred to the web  version of this article.)
where Ci is the concentration in the volume element i. Eq. (1)
deﬁnes a local diffusion time ıi which is illustrated in Fig. 1 bottom
by the blue lines that do not represent molecule trajectories.
In the RF theory, it is the periphery of the red blood cells, (the
red curve in Fig. 1) that is assumed implicitly to be at uniform con-
centration. In the following, we get rid of that arbitrary hypothesis
and show that CO and NO capture can be understood quantitatively
more simply.
2. Methods
In usual circumstances, blood is close to oxygen saturation as
mentioned in the Introduction. Then, we  can assume that 3/4 of
the Hb molecules have already trapped 3O2 molecules and the CO
capture can be considered as a bi-molecular process between CO
and the available Hb(O2)3 molecules in concentration CHb(O2)3 . TheReactive ﬂux = l′ × Ci × CHb(O2)3 × dVi =
Ci

dVi (2)
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iig. 2. Experimental dependence of LCO (or DLCO) on PO2 from Forster et al. (1957
urve  is the best ﬁt of Eq. (13) to the Forster et al. measurements (see text).
here l′ is the forward rate for the reaction
O + Hb(O2)3 → Hb(O2)3CO neglecting the backward rate. This
elation deﬁnes the reaction time  and its link to chemical kinetics.
he concentration of free reactive sites CHb(O2)3 is, in terms of the
rdinary saturation SO2 , given by CHb(O2)3 = 4(1−SO2) × CHb where
Hb is the RBC haemoglobin concentration. Using the forward
nd backward reaction constants k′4 and k4 for the reaction
2 + Hb(O2)3 ↔ Hb(O2)4, the reaction time is
 = 1
l′CHb(O2)3
= 1
4l′CHb
(
1 − SO2
) = CO2
l′CHb
(
k4/k′4
) (3)
In the last fraction CHb should really be CHb(O2)4but because
lood is close to saturation, they differ by only a few percent.
sing Eq. (3) with k4 = 157 s−1 (Chakraborty et al., 2004), k′4/l′ = 2.8
Gibson, 1959), CHb = 3.0 × 1018 cm−3 and CO2= 8.4 × 1016 cm−3 one
btains CO = 0.5 ms  for an oxygen partial pressure PO2= 100 mm Hg.
hen, CO(PO2) can be written as a linear function of PO2:
CO
(
PO2
)
= 0.5ms  × PO2
100mmHg
(4)
ote that this PO2 dependency shows that CO varies with altitude.
In a steady state, the diffusive ﬂux d˚i equals the reactive ﬂux
n the element dVi
i = ˛(Cg − Ci)
dVi
ıi
= Ci
dVi

(5)
ielding,
i = ˛Cg
dVi
ıi + 
(6)
he capture by a single RBC is the sum of the elementary ﬂuxes:
∑ ∑ dVi
RBC = di = ˛Cg ıi + 
(7)
his sum depends on both the shapes of the gas alveolar-capillary
nterface and of the RBCs which may  vary along the capillary paths. Borland and Higenbottam (1989). The letters correspond to individuals. The black
In this situation the choice, here, is to introduce an equivalent dif-
fusion time ıEq deﬁned by
∑ dVi
ıi + 
= VRBC
ıEq + 
(8)
where ıEq, which cannot be computed due to reasons mentioned
above, has to be determined from experiments. Then, the ﬂux ˚RBC
(number of molecules per unit time) from the alveolar space to the
red blood cell is written as
RBC = ˛Cg
VRBC
ıEq + 
(9)
This approximation constitutes a simpliﬁcation of the problem
complexity. For example, each RBC has its own local haematocrit
environment with a possible clustering during capillary transport
(McWhirter et al., 2009). In addition, the thickness of membrane-
plasma layer is very irregular (Weibel, 1984). For all these reasons
it is impossible to give a precise value for the time ıEq that has to
be considered as an empirical quantity determined from experi-
ment. Assuming that the contributions of each RBC to capture can
be summed, the number n(t) of molecules captured per unit time
in the volume of the RBCs in diffusive contact with the gas is:
dn
dt
= NRBC × RBC = NRBC × ˛Cg
VRBC
ıEq + 
=  ˛Cg Vc × Hct
ıEq + 
(10)
where NRBC is the number of RBCs in the capillary volume Vc, and
Hct is the haematocrit. In the following, we will see that the Vc
measured in the same experiment but interpreted by the TD frame
differs from the Vc values deduced from the RF interpretation.  For this
reason, we have to now call VcTD and VcRF, the Vc values resulting
from these different interpretations. Then, the rate of change of the
gas concentration in the alveolar volume VA is
dCg
dt
= − l
VA
dn
dt
= − ˛Cg
ıEq + 
VcTD × Hct
VA
(11)and Cg(t) follows an exponential decay, Cg(t) = Cg,t = 0 × exp(−kt)
with a rate constant k:
k = ˛
ıEq + 
VcTD × Hct
VA
(12)
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Table 1
Comparison of LCO/VA (for different VA) before and after haemodilution. Number
of individuals is 7 after Le Merre et al. (1996). Standard prediction based on RF is
computed by using the relation in MacIntyre et al. (2005).
Before After After/before
Haemoglobin (g/l) 149.4 ± 9.32 125.4 ± 9.32 0.84
LCO/VA at TLC (%th) 91.3 ± 10.8 75.5 ± 13.4 0.83
LCO/VA at 70% TLC (%th) 104.5 ± 15.5 88.5 ± 13.7 0.85M.-Y. Kang, B. Sapoval / Respiratory Ph
This equation has a simple semi-quantitative interpreta-
ion. For a deep inspiration, VA is of order TLC. The quantity
(VcTD × Hct)/TLC) is dimensionless and it represents the RBCs vol-
me in the capillaries per unit lung volume. The capture rate k is
hen microscopically controlled by the time constant (ıEq + )/
ncreased by the ratio TLC/(VcTD × Hct). It has been discussed in
oucquier et al. (2013) why the steady state regime time con-
tant ıEq/ is different from the transitory time ıEq. For CO
ith CO = 0.018 (Cotes et al., 2006) and ıEq,CO of order 1 ms,
Eq,CO/CO is of order 56 ms.  And it should be multiplied by a fac-
or TLC/(VcTD × Hct) of order 100 to reach the seconds time scale
xperimentally observed for CO (or NO) capture.
In order to avoid confusion, the TD results are called LCO
nstead of DLCO and LNO instead of DLNO. They are obtained by
ultiplying the rate constant k by VA so that:
LCO = kCO × VA =
˛CO
ıEq,CO + CO
(VcTD × Hct) (13)
he above equations for LCO are written in physical units
ml/s). The transposition to ordinary physiological units is LCO
mlSTP/min/mmHg) = (60/760) LCO (ml/s).
. Results: capture of CO, LCO and DLCO and experimental
omparison
In this section, these equations are used to explain quantita-
ively the measured dependence of LCO on PO2 and to deduce
rom experiment the value of ıEq,CO. The original experimental data
rom Forster et al. (1957) and Borland and Higenbottam (1989) are
ecalled in Fig. 2.
Although these data are strongly dispersed, the general trend
onﬁrms that LCO is inversely proportional to CO of Eq. (4). Then
ne can question the reason for the data dispersion. From the
ew point of view, the dispersion in LCO measurements might
e attributed to the variability in VcTD × Hct between individuals.
f VcTD × Hct changes between individuals, LCO extrapolated at
O2= 0, which corresponds to very small CO, changes accordingly:
LCO(Ext.PO2 = 0) =
˛CO
ıEq,CO
(VcTD × Hct) (14)
hus, if we write, for each individual,  the ratio LCO(Ext.PO2= 0)
ivided by LCO (PO2), it takes a simple form:
LCO(Ext.PO2 = 0)
LCO(PO2)
= ıEq,CO + CO(PO2)
ıEq,CO
= l+CO(100mmHg)
ıEq,CO
PO2
100mmHg
(15)
his rescaling relation is important because the capillary volume
nd the haematocrit, different for different individual,  have can-
elled out.  Note that, in the RF interpretation, LCO(Ext.PO2= 0)
s considered to be DMCO. Here, the somewhat awkward nota-
ion LCO(Ext.PO2= 0) is conserved to underline that this quantity
as never been measured directly but is determined experimentally
hrough the type of extrapolation suggested by RF.
One can then plot the above ratio for the different individu-
ls where LCO(Ext.PO2= 0) for each individual is sought through
xtrapolation. The result is shown in Fig. 3.
A striking reduction of the dispersion is observed with the coef-
cient of determination R2 increased from 0.450 to 0.963. This
roves that the initial dispersion of the Forster et al. experiments
as related to differences between individual values of VcTD × Hct.
or example: the ratio of order 2 between individuals WAB  and RF in
he raw data of Fig. 2 is reduced to about 1.2 in the rescaled results
f Fig. 3. The above scaling comparison involves only experimental
esults and no adjustable parameters. Note also that the cancellationLCO/VA at FRC (%th) 130 ± 20.2 107.6 ± 13.4 0.83
Standard prediction based on RF 0.93
of VcTD × Hct eliminates the differences between sexes of both Vc
and Hct. The best linear ﬁt (black line in Fig. 3) of these measure-
ments with Eq. (15) yields
CO(100mmHg)
ıEq,CO
PO2
100mmHg
= 0.31 (16)
which gives ıEq,CO = 1.61 ms  from CO = 0.5 ms at PO2= 100 mmHg.
This is of the order of magnitude of results computed by FEM cal-
culations described in Appendix B.
This value can then be used in Eq. (13) to extract the value of
VcTD × Hct for each individual or, on average, for the group studied
by Forster et al. From the best curve ﬁt of Eq. (13) shown in Fig. 2, one
obtains the average value <VcTD × Hct >sex = 44 ml  corresponding to
VcTD = 110 ml  for Hct = 0.4. Note that the subscript sex corresponds
to an average over male and female together. This value is to be
compared with the morphometric values of Vc found in anatomical
studies (Gehr et al., 1978) that are of order 200 ml.  The difference is
compatible with the known fact that, at rest, only a fraction of the
capillary volume is at work.
The value predicted from this ﬁt is
LCO(PO2 = 100 mmHg) = 32 ml/min/mmHg close to
32.8 ml/min/mmHg given by van der Lee et al. (2006). If we
now use the value of <VcTD × Hct>sex together with the ratio
CO = 0.018 (Appendix A) in the formula for LCO (Ext.PO2= 0),
one obtains LCO(Ext.PO2= 0) = 42 ml/min/mmHg, where the value
determined by Roughton (1959) is 45 ml/min/mmHg.
Using Eq. (13), one can predict the DLCO values measured
by Borland and Higenbottam (1989) for two different values of
alveolar O2 pressure, 133 mmHg  and 488 mmHg. In their paper,
only the average over 5 individuals is given (see Fig. 2). These
values seem to reﬂect larger <VcTD × Hct>sex values than those
corresponding to Forster et al.’s data. But the difference vanishes
once rescaled by Eq. (15) as shown in Fig. 3. With the above
value ıEq,CO = 1.61 ms  and the values of CO (133 mmHg) = 0.67 ms
and CO (448 mmHg) = 2.4 ms  deduced from Eq. (4), one pre-
dicts the ratio LCO (488 mmHg)/LCO (133 mmHg) = (ıEq,CO + CO
(133 mmHg))/(ıEq,CO + CO (488 mmHg)) = 0.57. This is to be com-
pared with the Borland and Higenbottam (1989) experimental
values DLCO (488 mmHg)/DLCO (133 mmHg) = 19.4/33.7 = 0.58.
Kanner and Crapo (1986) also studied DLCO dependence
for alveolar O2 pressure between 80 and 130 mmHg. Although
they wrote “the relationship between DLCO and PAO2 is
nonlinear”, for the narrow range they use a linear approx-
imation with which they drew from their ﬁt the relation
DLCO,corrected = DLCO,measured × (1 + 0.0035(PO2–120)). The TD pre-
diction on 1/DLCO writes 1/DLCO,corrected = 1/DLCO,measured × (1 −
0.0031(PO2–100)). Due to the strong dispersion in the Kanner and
Crapo data it is difﬁcult to discriminate between the (postulated)
linear and the TD non-linear behaviour.
A further check of the new approach is the dependence of DLCO
on the haematocrit. Experiments by Le Merre et al. (1996) indicate
that kCO (measured for different VA) decrease linearly, in fact, pro-
portionally to the Hb content as a consequence of haemodilution
as shown in Table 1 with data reproduced from their paper. In the
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Fig. 3. Plot of experimental 1/L rescaled to 1/L (Ext.P = 0). The black line is a linear ﬁt of the rescaled individual values of Forster et al. The inset shows the result of
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he  same linear ﬁt for the unscaled 1/LCO. For Borland and Higenbottam, rescaling
F interpretation, only the term  is proportional to Hct and the RF
rediction is not veriﬁed by the Le Merre et al. experiment.
Experiments by Delclaux et al. (2005) on patients with sickle cell
naemia conﬁrm the relation between DLCO and the haemoglobin
lood content. The Delclaux et al. (2005) data are reproduced in
able 2. As predicted in the new approach, DLCO is found to be pro-
ortional to the Hb content for these patients. A practical conclusion
s that the codes used to correct for anaemia in standard DLCO mea-
urements are misleading. They should use the fact that DLCO is
irectly proportional to Hct.
One other aspect of the TD approach is that it gives a natural
ustiﬁcation to facts that have been mentioned in the literature
Aguilaniu et al., 2008) as being noteworthy. In this reference one can
ead “The ratio DMCO/Vc is found to be independent of any covariate”,
lthough “TLCO is strongly dependent on anthropometric variables.”
data from 303 people). Their values for DMCO and Vc are deduced
rom the usual RF interpretation. For this reason and for clarity,
hey are called below DMCO,RF and VcRF. The classical RF equation
s written as
1
LCO
= 1
DMCO,RF
+ 1
 × VcRF
(17)
sing Eqs. (13) and (14), one obtains
 × VcRF =
˛COVcTDHct
CO
(18)
sing again Eq. (14)
DMCO,RF
 × VcRF
= CO
ıEq,CO
= 0.5
1.61
= 0.31 (19)
Consequently, the Aguilanu et al. observation does not denote
 speciﬁc physiological property. It is merely an artiﬁcial conse-
uence of the use of the RF interpretation. This proportionality
as also observed by Glénet et al. (2007). The same considera-
ion applies to the measure of the same quantities DMCO,RF and
cRF on idiopathic interstitial pneumonia patients by Wémeau-
tervinou et al. (2012). In this work, DMCO,RF and VcRF are also
ound to be proportional, the effect of the disease changing both
uantities in the same manner. This generalizes the validity of thedone for the average of 5 subjects since individual data is not given.
TD interpretation to some pathologic states. The same invariance
of the ratio DMCO,RF/VcRF was recently observed by Taylor et al.
(2014) for young and old adults for different exercise levels, con-
ﬁrming the applicability of the TD approach to different levels of
exercise. In the same spirit, the results of Femi-Pearse et al. (1970)
indicate that the “measured” DMCO, which in the new approach is
LCO(Ext.PO2= 0), is signiﬁcantly decreased in the case of anaemia.
Even more, in their data the ratio of the so-called DMCO,RF/DLCO
(which here is in fact LCO(Ext.PO2= 0)/LCO) keeps approximately
constant between diseased individuals in disagreement with the RF
prediction.
From dimensional analysis, ıEq,CO can be expressed as
ıEq,CO = 2/DCO where the length  is an “effective” bar-
rier thickness, independent of the diffusing species.  Using
DCO = 3.26 × 10−5 cm2/s (see Appendix A for diffusivity val-
ues) and ıEq,CO = 1.61 ms,  one obtains  = 2.29 m.  One should
underline that  is different from the harmonic mean of the diffu-
sion barrier that has been determined by detailed morphometric
studies to be 1.1 m (Weibel 1973; Gehr et al., 1978; Weibel
et al., 1993). Qualitatively, the value  = 2.29 m includes a RBC
internal “diffusion length” of order 1 m.  This indicates that, on
average, CO molecules travel about this distance to be absorbed
by Hb molecules. (It is a well-known and general property of
diffusion dynamics that the distance covered by diffusion in a
time t is of order 2(Dt)1/2, https://en.wikipedia.org/wiki/Fick%27s
laws of diffusion). Using DCO = 3.26 × 10−5 cm2/s and CO = 0.5 ms,
one obtains 2(DCOCO)1/2 = 2 m for an order of magnitude of the
absorption length.
4. Results: capture of NO, LNO and DLNO and experiments
comparison
The NO reaction time NO is shorter than CO by two order of
magnitudes (Sakai et al., 2008) and can then in ﬁrst approxima-
tion be neglected as compared to ıEq,NO. Indeed, the fact that NO
plays an insigniﬁcant role, explains why  the rate of uptake of NO is
observed to be independent of the oxygen partial pressure (Borland
M.-Y. Kang, B. Sapoval / Respiratory Physiology & Neurobiology 225 (2016) 48–59 53
Table  2
Results from Delclaux et al. (2005) showing that DLCO is proportional to the haemoglobin content of the blood in contrast with the RF prediction given in MacIntyre et al.
(2005).
Female (n = 29) %normal Male (n = 20) %normal
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nd Higenbottam, 1989; Botros et al., 2002). Then, Eqs. (12) and (13)
eformulated for NO, yield
NO =
˛NO
ıEq,NO
VcTD × Hct
VA
(20)
LNO = kNO × VA =
˛NO
ıEq,NO
(VcTD × Hct) (21)
Eq. (21) indicates that LNO should be proportional to
he haematocrit. There exist, however, conﬂicting experimental
esults: van der Lee et al. (2005) have indicated that DLNO was not
ncreased by a 20% increase in Hb consecutive to transfusion. Yet,
ecently, Borland et al. (2014) measured this dependence on a large
ange of Hb concentrations and observed a strong increase of dif-
using capacity of NO. The question then arises: for what reason
hould LNO be independent of the haematocrit for large haema-
ocrit? The reason lies in the short reaction time of NO. In that
ituation, NO molecules are trapped by Hb molecules near the sur-
ace before having the time to diffuse to the bulk of the RBCs. Then,
he capture of NO can be considered as a “surface capture” whereas
he slower trapping reaction of CO occurs in the bulk of the RBCs.
his situation of surface capture has been studied in many papers:
ederspiel (1989), Hsia et al. (1995) and Frank et al. (1997) in which
EM studies have indicated that, for oxygen, the diffusive ﬂux for
arge Hct was nearly independent of Hct.  Roughly speaking, “surface
apture” means that the RBCs behave practically as sinks for NO
olecules because the diffusion length (see above) during the NO
eaction time is of order 2(DNONO)1/2 which is very small. So, the
eaction takes place very near the surface. Surface absorption was
tudied by FEM in Foucquier et al. (2013) where it was  also shown
hat the surface capture is proportional to the Hct for small Hct while
or large Hct the capture saturates. On this point, one should recall
hat there exists a theorem by Makarov (1985) stating that, in dif-
usion ﬁelds, a very convoluted interface does not work uniformly:
ncreasing its irregularity (corresponding to large enough Hct) does
ot increase the diffusive exchange (Sapoval, 1994). In this ambigu-
us situation, we use in the following the working hypothesis that
LNO is proportional to Hct, although this statement is approximate.
Diffusion times are inversely proportional to the species diffu-
ivity, so that
Eq,NO = ıEq,CO
(
DCO
DNO
)
(22)
Some confusion exists regarding the value of DNO/DCO due to the
se of Graham’s law, which states that diffusivities are inversely
roportional to the square root of molecular weight. But, this law
oes not hold for liquids.  It is more appropriate to use the exper-
mental diffusivity values (Appendix A) or DNO/DCO = 1.47. This
ields ıEq,NO = 1.61/1.47 = 1.10 ms.  Inserting ıEq,NO = 1.10 ms  in Eq.
21) together with VcTD × Hct = 44 ml  and NO = 0.041, one pre-
icts LNO = 130 ml/min/mmHg compared to the average value
f 144 ml/min/mmHg given by Zavorsky et al. (2008). (Note that
f the value DNO/DCO = 0.97 from Graham’s law is used, it gives
Eq,NO = 1.66 ms  and LNO = 86 ml/min/mmHg).It has been suggested that there could exist an additional resis-
ance due to the RBC membrane (Borland et al., 2010, 2014;
aughn et al., 2000). In the TD approach, this would correspond
o an additional time needed to cross this barrier, increasing the62 ± 6 9.3 ± 1.6 64 ± 11
54 ± 6 61 ± 13
80 81
value of ıEq,NO and decreasing the prediction of LNO even below
130 ml/min/mmHg.
In the new approach the ratio LNO/LCO(Ext.PO2= 0) which in
the usual RF and Guénard formulation is called DMNO/DMCO is sim-
ply equal to NODNO/CODCO. Using the respective partition ratios
and diffusivity, one obtains
LNO
LCO(Ext.PO2 = 0)
= DMNO
DMCO
 3.4 (23)
The comparison between DLCO and DLNO has been the subject
of many discussions in the past (e.g. Hughes and van der Lee, 2013;
Martinot and Guénard, 2014). Using the above results one can
predict the value of the ratio LNO/LCO (DLNO/DLCO) in normal
circumstances (healthy adults at rest) to be equal to
LNO
LCO
= ˛NO
˛CO
ıEq,CO + CO
ıEq,NO
(24)
The result of LNO/LCO = 4.38 can be compared to the reported
values of 4.36 (van der Lee et al., 2006), 4.75 (Aguilaniu et al., 2008),
5 (Zavorsky et al., 2008) and 4.3–4.9 (Hughes and van der Lee,
2013). Also, as we  have seen, CO penetrates the bulk of the RBCs
as opposed to NO. This may  explain why  the transformation of ıCO
into ıNO through the scaling of diffusivity gives a too large ıNO and,
consequently, a somewhat too small ratio LNO/LCO.
It has been explained in the previous section why, as observed
by Aguilaniu et al. (2008), there exists a remarkable proportion-
ality between DMCO and Vc,RF. The same authors also reported
that the ratio DLNO/DLCO (read LNO/LCO) was  also found to be
independent of any covariate. This independence can be also seen in
the experiments reported by Zavorsky et al. (2008). In the TD frame,
the reason is that LCO, being bulk absorption, is proportional to
VcTD×Hct and LNO, being surface absorption, is approximately
proportional to VcTD × Hct. This quantity which depends on indi-
vidual is cancelled in the ratio. The experimental results given in
Fig. 1B of Zavorsky et al. (2008) are particularly striking because
they give the LNO/LCO ratio for 130 individuals of both sex and
different ages with a remarkably small dispersion.
5. Discussion and limitations
As mentioned in the Introduction, Roughton and Forster implic-
itly assumed that the red curve in Fig. 1 was equi-concentration. It
is only under that necessary condition that one can deﬁne two resis-
tances in series, the membrane and blood resistances, DM and Vc.
This condition is a general requirement for the Laplacian ﬁelds that
govern steady state diffusion. But there is no reason why the CO or
NO concentrations should be uniform along the RBCs periphery and
the same for all RBCs. In that sense, the membrane resistance DM is
ill-deﬁned. As a consequence, the morphometric results that postu-
lates this equi-concentration, even if performed with the greatest
care, yields an ill-deﬁned quantity. In the TD frame developed here,
the equi-concentration condition is not used, and DM does not
appear. In such a confusing situation where an ill-deﬁned DM is
widely used in the literature, one has to clarify for the future what
is really determined by experiments.
What is called an “experimental or measured DMCO” in the liter-
ature results from the usual RF extrapolation LCO(Ext.PO2 = 0) or
54 M.-Y. Kang, B. Sapoval / Respiratory Physiology & Neurobiology 225 (2016) 48–59
Fig. 4. Inﬂuence of an increase in the diffusion barrier on LCO or LCO (for spherical blood cells): a moderate increase of the alveolar-capillary thickness will be signalled by
a  measurable decrease of LCO although respiration at rest would not be modiﬁed. See Appendix B to see how ıEq varies with the barrier the thickness. The VO2 dependence
is  computed from Kang et al. (2015).
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ppendices B and C for justiﬁcation.
hrough the transformation of LNO into LCO(PO2 = 0) suggested
y Guénard et al. (1987). But in the former case, LCO(Ext.PO2= 0) as
eing extrapolated from LCO(PO2) through Eq. (14) is proportional
o VcTD × Hct as shown by the cancellation leading to Fig. 3. If there
ould exist a possibility to measure directly LCO(at PO2= 0), there
s no reason why the result would be identical to LCO(Ext.PO2= 0).
The main limitation of the TD method concerns the validity of
he simpliﬁcation operated in writing Eq. (8). It is difﬁcult to esti-
ate the error introduced by this operation but, as shown above,
he results are fully consistent with experiments.
It should be pointed out that the values given for <VcTD × Hct>sex
rom the curve ﬁt (black line in Fig. 2) is an average over an unequal
umber of men and women. As both the components of this product
re larger for men  than women one cannot use its value as such totion for spherical RBCs and a 5 m thickening of the alveolar-capillary barrier. See
deduce Vc for men  or women knowing their measured Hct. Also the
number of cases analysed here is small. This ﬁt should be made in
the future for each sex separately and should be based on a larger
number of individuals. And it should be recalled that the accuracy of
ıEq,CO is related to the accuracy of CO depending on the knowledge
of chemical kinetics.
In the past it has been suggested that convection in the plasma
could play a role in dissolved gas transport. But the convection
effects, which concerns only the plasma and not the membrane,
are slower than molecular diffusion. For a thickness of 0.5 m, the
time for diffusion is of order 10−4 s. This is much shorter than the
time needed for a RBC to travel its size which is of order of 10−2 s.
This was  discussed in Foucquier et al. (2013).
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A different type of limitation concerns the validity of the sim-
le scaling used to obtain ıEq,NO from the experimental value of
Eq,CO. We  have seen that the CO absorption occurs essentially
n the volume of RBCs. So in ıEq,CO there is a contribution of the
nternal diffusion which is really a time for diffusion before reac-
ion (a more precise discussion will be given in a next theoretical
aper). For NO, there is little diffusion before reaction because it
eacts very near the RBC periphery. For this reason, the simple
caling used in Eq. (22) leads to a somewhat overestimated value
f ıEq,NO and correspondingly to a somewhat too small value for
LNO and LNO/LCO. This could explain why the experimental
alue LNO/LCO = 5 measured by Zavorsky et al. (2008) is larger
han the 4.38 deduced above from simple scaling. This effect has
o be studied in the future. And as we have seen above, the precise
ole of VcTD × Hct in LNO also has to be discussed in the future.
Also, the problems linked to the very meaning and role of the
lveolar volume in the experiments as formulated in particular by
ughes and Pride (2012) have not been studied. Furthermore, het-
rogeneity of distribution of the ratio of (VcTD × Hct)/VA has also
ot been considered either. These issues should be considered in
uture studies, in particular for CO and NO drug therapies.
. Applications
A direct example of application is the use of LCO and LNO
s a diagnostic mean of a thickening of the diffusion barrier. Kang
t al. (2015) have shown that for oxygen, an increase in the thick-
ess of the alveolar-capillary barrier will not modify the O2 uptake
O2 until a signiﬁcant thickness threshold is passed. On the other
and, a similar increase in thickness would increase the access
ime ıEq,CO and decrease LCO. An example of increase in ıEq,CO
omputed by FEM for spherical RBCs is given in Appendix B. The
onsequences on LCO and LNO are shown in Fig. 4 where both
ecrease with the alveolar-capillary barrier thickness. So the mea-
ure of LCO and LNO could be indicative of the early development
f disease whereas the rapid decrease of VO2 occurs only above a
nite threshold.
Of course, other possible causes for a decrease in LCO exist, for
xample a decrease in Hct. But, it is possible to isolate membrane
hickening and to eliminate the effect of Hct by measuring LCO at
wo different PO2 levels. Taking the ratio of two  LCO cancels the
ommon term VcTD × Hct in Eq. (13) which then brings forth only
he ratio (ıEq,CO + CO)PO2/(ıEq,CO + CO)100mmHg. From this ratio, one
an obtain ıEq,CO since we know CO as a function of PO2 by Eq.
4). A value of ıEq,CO larger than 1.61 ms  would signal an increased
hickness of the alveolar-capillary barrier.
Also, the TD approach is based on the evaluation of the capture
y a single RBC. If there would exist regional differences between
ocal VcTD × Hct values and local alveolar volumes, one could sum
he different contributions to the time evolution of the gas concen-
ration. In that sense, the TD approach is a bottom-up approach.
n illustration is given in the Appendix C. Suppose, for instance,
hat in some fraction of the lung, the RBCs are “hidden” behind a
hickened membrane, how LCO, LNO and their ratio would be
odiﬁed? And how this would depend on the breath-hold time in
hat situation of non-exponential response? The answer is illus-
rated in Fig. 5 which gives the prediction on the dependence of
he ratio LNO/LCO for regional membrane thickening. Although
btained for a speciﬁc situation, the same type of effects would exist
hatever the membrane thickness and the RBCs morphology.. Conclusion and perspectives
This study has introduced a new framework for the interpreta-
ion of CO and NO measurements used in standard lung functiongy & Neurobiology 225 (2016) 48–59 55
tests. This new reading grid has allowed for a drastic reduction of
the experimental dispersion between individuals as shown in the
transformation of the raw data of Fig. 2 to the less dispersed results
of Fig. 3. This could have applications in reducing the size of the
cohorts needed to study pulmonary problems.
It has been found and justiﬁed that DLCO is proportional to
the haematocrit, indicating that the correction codes used in DLCO
machines to correct for anaemia are erroneous and should be mod-
iﬁed.
The application of this method to the case of a thickening of the
diffusion barrier has shown that a decrease of DLCO can constitute
an early warning of the existence of disease.
The Roughton and Forster interpretation implies three quanti-
ties, the diffusive resistance called 1/DM, the blood conductance
called  and the VcRF. It has been shown here that the so-called DM
and VcRF of the Roughton and Forster interpretation are essentially
one and the same so that they do not bring any speciﬁc information.
In the TD interpretation there exist only two parameters VcTD × Hct
and the diffusion time ıEq,CO, which for healthy adults is equal
to Eq,CO = 1.61 ms.  Then, only one individual parameter remains:
VcTD × Hct which can de deduced from a single DLCO measurement
using Eq. (13) with CO = 0.18, and CO = 0.5 ms  for healthy adults:
VcTD × Hct (ml) =
DLCO × (ıEq,CO + CO)
˛CO
× 760
60
= 1.48DLCO (ml/min/mmHg) (25)
Note that the average value of VcTD of 110 ml  has been given
based on the value of CO of 0.5 ms  and a best ﬁt on a limited num-
ber of individuals (average over males and females). This relation
should be modiﬁed with altitude as CO depends on PO2 (Eq. (4)).
The bottom-up aspect of the TD method has been applied to the
prediction of the role of heterogeneous membrane thickening for
which double (CO and NO) diffusion should be an important tool.
An other perspective is to better understand the role of V/Q hetero-
geneity on DLCO and DLNO. The decay rates k in two regions with
different VA/(Vc × Hct) would be different. They will lead to non-
exponential decays with predictable consequences on measured
DLCO and DLNO, hence a possible improvement of lung function
tests applied to pulmonary pathophysiology.
In the same spirit, being a bottom-up method, as that given by
Kang et al. (2015) for oxygen, both these methods could be used
simultaneously to yield a new type of predictive tool linking VO2
to DLCO and DLNO.
Further mathematical developments will be discussed in a next
theoretical study.
Conﬂict of interestH.T. Hua, J.M.B. Hughes and M.  Marden for interesting discussions.
We are deeply indebted to I. Katz and E. Turmond for a careful
reading of the manuscript. This work was  supported by Air Liquide
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Fig. B1. FEM computation of CO diffusion inside a cylindrical capillary towards vol-
ume  of a spherical RBC whose radius r is 3.6 m.  3D diffusion is computed using an
axisymmetric model. Due to symmetry, only a quarter of a longitudinal section of
the system is needed. In the case shown, Hct = 40%. Different points in the spherical
RBC are selected to investigate the dependence on position. The concentration in
the gas Cg at the top of the ﬁgure is constant and is set to be equal to 1. An additional
thickness h may  appear in pathological circumstances like diffuse parenchymal lung
diseases (DPLD). Although the Hb molecules occupy about one-third of the RBC vol-
F
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ppendix A. Physico-chemical parameters governing the
caling relations
Partition ratio of gases to water  (Cotes et al., 2006).
Carbon monoxide Nitric oxide Oxygen
CO = 0.018 NO = 0.041 CO = 0.024
Diffusivity of gases in water D.
Species Reference Temperature (◦C) D (10−5 cm2/s)
CO Wise and Houghton (1968) 10 1.07
20 2.03
30 2.43
37 (interpolation) 3.26
40 3.62
Cussler (1997) 25 2.03
NO  Wise and Houghton (1968) 10 1.55
20 2.07
30 3.96
37 (interpolation) 4.80
40 5.16
Cussler (1997) 25 2.6
Zacharia and Deen (2005) 25 2.21
37 (extrapolation) 3.0
O2 Zacharia and Deen (2005) 37 (extrapolation) 3.03
Yoshida and Ohshima (1966) 37 1.86
Cussler (1997) 25 2.10
Goldstick and Fatt (1970) 25 2.13
Diffusivity values found in the literature are dispersed. However,
n most cases DNO values are found to be larger than DCO, which is
ontrary to the prediction of Graham’s law where DNO/DCO = (ratio
f molecular weight)−0.5 = (30/28)−0.5 = 0.97. Here for consistency,
ise and Houghton (1968) are chosen because DNO and DCO are
easured in the same conditions. Interpolated values for 37 ◦C give
NO/DCO = 4.80/3.26 = 1.47.ig. B2. Time evolution of CO concentration for different positions inside the RBC for a
Cg = 0.018 but the concentrations in different positions evolve differently in time. The
stimate the characteristic durations t50.ume  (Eastwood et al., 2008), the diffusion coefﬁcient is the same in and out RBC. See
Palombo et al. (2013).
Appendix B. FEM study of gas diffusion to haemoglobin
molecules
The question of the diffusion to and inside red blood cells has
been the object of considerable attention either through morpho-
metric approaches or through FEM studies of simpliﬁed capillary
and blood cells geometry (Federspiel, 1989; Frank et al., 1997; Hsia
 membrane thickness of 1 m (h = 0). The ﬁnal uniform concentration is equal to
 horizontal dotted line, corresponding to half of ﬁnal concentration is drawn to
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Fig. B3. Additional thickness dependence of characteristic diffusion time for different positions inside a spherical RBC. The diffusion time is approximated by the time to
reach  50% of saturation, which is found at the intersection between curves and dotted line in Fig. B2. Red line represents a ﬁtted curve of the position 3 to the power of the
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ening case, if any of these rates was  measured, it could appear to
reﬂect a smaller VcTD × Hct which would be erroneous. Fig. 5 in theotal  thickness h + 1. (For interpretation of the references to color in this ﬁgure lege
t al., 1997; Whiteley, 2006; Foucquier et al., 2013). The discus-
ion below underlines the problem complexity even in a simpliﬁed
odel situation. The FEM calculations have been performed in the
onﬁguration of Fig. B1 with results given in Fig. B2. They give
n indication about the spatial distribution of the speed of estab-
ishment of concentration equilibrium inside a single RBC. One
bserves that the time evolution of concentration in RBC is not expo-
ential and varies for different positions in the RBC. To characterize
he order of the diffusion time, the durations called t50 to reach
0% of ﬁnal concentration are sought. For a membrane thickness of
 m,  t50 varies from 0.3 ms  to 1.5 ms.
Fig. B3 gives the dependence of the diffusion time on the addi-
ional thickness h. Curve ﬁtting performed for the position 3 shows
hat the time is proportional to the 1.56 power of the total bar-
ier thickness. Note that the inside diffusion time remains of order
.2 ms  between the center and top independently of h. Two remarks
an be made about these results. First, they are restricted to model
pherical RBCs. Second, in the results section, the average experi-
ental distance for real travelling RBCs has been found to be close
.29 m.  The fact that it is larger than the harmonic mean thickness
f 1.1 m obtained in morphometric studies (Weibel et al., 1993)
ndicates that internal diffusion signiﬁcantly contribute to ıEq,CO.
ppendix C. Heterogeneous interstitial disease
The TD approach can also be used to analyze the inﬂuence of
isease heterogeneity on DLCO and DLNO. Consider the case when
 fraction F of the respiratory system is normal and the other (1-
) fraction exhibits increased thickness. Assuming that the initial
as concentration Cg,0 is uniform in the lung, the total gas con-
entration Cg(t) can be written in terms of the diseased fractiong (t) = Cg,0 [F × exp (−knt) + (1 − F) × exp (−kdt)] (C.1)
here kn and kd are the rate constants for the normal and the thick-
ned parts. Then, for a partially diseased lung the rate of absorptione reader is referred to the web version of this article.)
is bi-exponential (multi-exponential for a distributed heterogeneity).
For example, using the data of Appendix B for a 5 m thicken-
ing, the respective rate constants are found to be kCO,d = 0.022 s−1
and kNO,d = 0.080 s−1 to be compared to kCO,n = 0.075 s−1 and
kNO,n = 0.33 s−1. The time evolutions of CO and NO absorption can
then be deduced from Eq. (C.1). They are shown in Fig. C1 for
0 < F < 1. In such a case, the time evolution of the log of concen-
tration, expressed in the usual log-linear plot, can be mistaken for
a single normal exponential. If one uses the standard methodology
used in DLCO devices, which postulates that the decay is a single
exponential, the apparent DLCO is dependent on the breath-hold
time as shown in Fig. C1. Such non-exponential decay was observed
by Forster et al. (1954) using breath-hold times up to 60 s with
healthy volunteers. It appeared as a curving up of the log-linear
plot of expired CO concentration as a function of time but only
above 20–30 s. The curving up is a general property of the type
superposition of Eq. (C.1): It is only after that the faster expo-
nential has declined enough that the slower component emerges
explaining the curving up. Forster et al. attributed this slowing
to gravity driven depression of blood in the upper lung regions
of their sitting volunteers. Here, this means a smaller regional
VcTD × Hct.
The differences are small for DLCO measured after only 10 s.
But the effect would be larger for DLNO because of NO more rapid
absorption. This is shown in Fig. C1 bottom. This example suggests
that in order to adequately analyse gas capture of a heteroge-
neous lung one should use DLNO at two different breath-hold times,
for example 5 and 10 s. A large difference would be an indica-
tion of regional disease. These considerations are permitted by the
bottom-up character of the TD approach. Note that in the thick-text shows the predicted behaviour of the ratio LNO/LCO as a
function of F.
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Fig. C1. An example of the time evolution of the alveolar concentration during absorption of CO (Top) and NO (Bottom) in a regionally diseased lung. The global absorption
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